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ABSTRACT
With advances in technology, personal genome sequencing has become more affordable
than ever before. With this wealth of genetic information come new individualized approaches to
medicine and pharmacology, along with moral, legal, and ethical issues to carefully consider.
Yet studies suggest that most members of the general public do not have the genetic literacy
required to understand the implications of genomic data. It is important that today’s students are
able to grasp concepts relating to their own genome to make informed medical decisions in the
future. Here I describe an active learning-based activity designed to enhance high school
students’ understanding of genetic concepts. This activity is centered around online exploration
of canine genomic data using Embark, a direct-to-consumer genetic testing company associated
with the Cornell University College of Veterinary Medicine. Progress developing a study
protocol to test the effectiveness of this activity in a Lafayette county high school classroom is
discussed.
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1 INTRODUCTION

To take full advantage of increased access to personalized genetic information relevant to
human health, future medical providers and citizens alike require more advanced training in
genetic concepts and genomic approaches. Precision medicine allows health care providers to
tailor cancer therapies and drug prescriptions to best fit an individual’s genetic profile (Ginsburg
and Phillips, 2018). Diagnosis of mystery diseases has even been possible for some patients
(Hayden, 2001). Characterizing an individual’s genetic profile can be accomplished through
several approaches including whole genome sequencing, sequencing of the expressed regions of
the human genome or ‘exome’, and DNA genotyping to identify a set of single nucleotide
polymorphisms (SNPs) that make that individual unique.
Both the time involved and cost of sequencing a human genome have dramatically
dropped due to advances in technology (NHGRI, 2019). The Human Genome Project was
completed in 2003 after thirteen years, at a cost of $3 billion. A short six years later, the
estimated cost of a high-quality ‘draft’ genome was roughly $14 million, with a ‘complete’
human genome estimated at $20 - 25 million. A massive drop in cost followed the development
of “next-generation” sequencing technology, a broad term that encompasses the approaches that
further revolutionized genome sequencing. Whole genome sequencing is currently available at
Nebula Genomics for $299, well under the long-standing $1000 milestone for human geneticists
(Mullin, 2020).
Exome sequencing involves comparing an individual’s ‘draft’ sequence to a reference
human genome, and only sequencing the exons of genes (NHGRI, 2019). Helix works with
health care providers and research institutions to identify at-risk patients through their “Exome+
assay” (DeArment, 2020). Companies such as 23andme use microarray-based SNP genotyping
1

to provide customers information about their ancestry, carrier status, genetic health risks, and
many predicted traits such as aversion to cilantro, ability to match musical pitch and muscle
composition. As more individual genomes continue to be sequenced and genotyped, the
understanding of the information within them increases, as well as the ability to use it for reallife applications.
There are already numerous examples of the promise the field of precision medicine
holds. In 2008, a Canadian man was suffering from a rare tumor in his tongue that had
metastasized, and was not responding to any of the standard treatments (Jones et al., 2010). His
genome was sequenced from his tumor cells and from unaffected cells within his body. This
allows for researchers to track chromosomal defects in tumor cells such as duplications, deletions
and rearrangements. In addition, his transcriptome--a dataset of the genes expressed in particular
cell types--was generated for his tumor cells and unaffected cells. By analyzing these datasets,
scientists discovered that the RET oncogene was overexpressed in his tumor cells due to a
duplication event. The man’s physician was able to start him on a targeted drug treatment, which
stabilized his condition for several months until he passed away due to new mutations in other
pathways (Jones et al., 2010). Another famous case is of Nic Volker, a young boy who suffered
from an undiagnosed inflammatory bowel disease. After more than 100 surgeries since the age of
two, doctors arranged for Nic’s exome to be sequenced. A variant in a gene linked with immune
deficiency was identified, which led to a life-saving cord blood transplant (DeFrancesco and
Subbaraman, 2011).
Most drug dosages are currently determined by factors such as sex and weight, without
consideration of an individual’s relative ability to metabolize specific drugs (NHS England,
2016). As a result, adverse drug reactions, particularly in individuals who metabolize a drug

2

more slowly than is typical, are a major contributor to hospitalizations and deaths in the United
States healthcare system (Montané et al., 2018). Pharmacogenetics, the study of how genetic
variation affects an individual’s response to a drug, could be used to tailor which drugs and
dosage are prescribed. For example, the treatment of schizophrenia with antipsychotic
medications has shown some success. However, due to the high variability regarding the efficacy
of the drugs, usage is largely trial-and-error, with many failed treatment plans before a solution is
found (Pouget et al., 2014). Pharmacogenetics offers a solution to this problem as doctors may be
able to select the correct treatment plan for patients from the start.
Genomic studies are critical for combating pandemics. These outbreaks are devastating
for individuals and society, not only in a healthcare sense, but also economically. An outbreak of
Yersinia Pestis is widely believed to have been responsible for the Bubonic Plague, a disease that
killed a third of Europeans in the mid-1300’s (Harbeck et al., 2013). During the past few months,
an outbreak of the novel coronavirus SARS-CoV-2 has resulted in tremendous loss of life and a
massive strain on the healthcare system. Genetic information about novel viral strains is used to
trace their origins and spread by tracking new mutations that appear (McHardy and Adams,
2009; Forster et al., 2020; Zhang et al., 2020). Knowing the genetic makeup of a virus allows
researchers to investigate how it operates, allowing for more effective treatments and the
development of vaccines (Lewis, 2020). Genome-wide association studies are also underway to
determine whether human genetic variation may influence the severity of COVID-19 symptoms
(Molteni, 2020).
The application of genomics to explore human genetic variation may lead to the
discovery of “life-changing medicines” (Kuchler, 2020). With the ushering in of affordable
direct-to-consumer DNA genotyping from commercial companies, the amount of human genetic
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information available to researchers has exploded. As of January 2019, more than 25 million
people had taken an ‘at-home’ DNA test from one of the four top ancestry companies; that
number was predicted to quadruple in two years (Regalado, 2019). Using genome-wide
association studies, 23andme has demonstrated that they can successfully analyze SNP data
paired with voluntary customer surveys to characterize complex traits. One such study has
resulted in a license for commercial development of drugs to treat inflammatory bowel disease
and skin conditions like psoriasis (Shieber, 2020). These studies suggest that society’s potential
to translate this wealth of information into novel health care applications would be increased by
access to a larger workforce with advanced training in science, technology, engineering, and
mathematics (STEM) fields.
There are a wide variety of careers that require advanced STEM training, including
physicians, genetic counselors, scientific researchers, and epidemiologists. These careers require
years of training in the classroom and in the field before a person is able to operate
independently. The earlier a student is able to gain an interest and desire to further their
education in these fields, the more time they will have to prepare for this educational journey.
Interactive, hands-on activities may inspire young students to dive deeper into STEM fields by
revealing the fascinating complexities of the sciences, as well as the exciting prospect of making
new discoveries. Interactive activities also have the added benefit of giving potential college
students a glimpse into what they will experience at the next level of their education and beyond
should they decide on a STEM major, and better prepare them for the difficult initial years (Chen
and Soldier, 2013). Research activities may also attract students who may not have thought they
would be interested in science, as participating in hands-on protocols can pique the interest of
students who do not enjoy traditional, lecture-style classes.

4

Brothers Ryan Boyko and Adam Boyko founded Embark Veterinary in 2016. This
company offers DNA genotyping for breeders and owners who wish to know more about their
dogs (Fallon and Alexander, 2019). The tests simply require customers to collect cheek swabs
from their dogs. Since its founding, Embark has partnered with geneticists at the Cornell
University College of Veterinary Medicine to study the genetic variation associated with specific
breeds of dogs.
The Boyko siblings were inspired by the Dog Genome Project, which created a concise
map of all 39 chromosomes of the domesticated dog (Lindblad-Toh et al, 2005). This has led to a
greater understanding of the genetic variation that controls morphology, behavior, and diseases
in specific breeds (Ostrander, 2007). The incredible variation present between individual dog
breeds surpasses any other mammalian species on Earth (NHGRI, 2017). This wealth of
information on dog morphology offers hope of discovering the genetic basis of mammalian
behavior and development. The Dog Genome Project also focused on discovering canine disease
genes, especially cancer causing genes, and determining whether humans possess similar genes
(Decker et al., 2015).
Embark has a goal of “combating disease in all pets through the power of genetics”
(Fallon and Alexander, 2019). By learning their pets’ genetics and ancestry, owners and breeders
are alerted to any genetic conditions the dog is at risk for, which can help veterinarians devise
preventative treatment plans that fit the unique health needs of the dog. DNA genotyping data are
also linked to fun information such as predicting which breeds of dogs were present in the dog’s
family tree, photos and descriptions of DNA relatives in the Embark database, and descriptions
of genotypes and phenotypes associated with canine traits like tail length, coat color, and skull
shape.

5

The aim of my thesis project was to design an active-learning based activity that would
use the Embark platform to teach high school students about DNA genotyping of dogs, the
information that can be discovered, and the real-life applications of this information. Genetic
concepts the project was designed to cover include genetic variation and SNPs, gene function,
genetic relatedness, and high throughput sequencing. The activity was developed as a planned
collaboration with Ms. Deborah Jones, a teacher at Lafayette High School in Oxford,
Mississippi, to be introduced to her Advanced Placement Biology students. The primary activity
of the project is a worksheet, which guides the students through data accessible at the Embark
website, and fosters active learning by directing the students to use the information provided to
answer sets of questions. I also designed intake and exit surveys to gauge the retention of the
material covered during the activity.
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2 METHODS
Target audience
Students selected to participate in the project were enrolled in two Advanced Placement
Biology courses taught by Ms. Deborah Jones at Lafayette High School in Oxford, Mississippi.
A letter of support and permission for conducting this study during the Spring 2020 semester was
provided by Ms. Jones and Mr. Glenn Kitchens, the principal of this high school.
Permission forms to be signed by each student and a parent briefly describe the purpose
of the study and explain that participation will be anonymous. Student names will not be
associated with any data collected by the investigators.
Two undergraduate investigators developed questions about distinct genetic concepts to
be taught using the Embark platform. Each planned to use one class as their experimental group
and the other as a control group. The control group for one investigator would be the
experimental group for the other, and vice versa. After consulting with Ms. Jones, the
investigators planned two classroom visits for each class. The first visit to each class would be
team-taught by the investigators to introduce the Embark website and carry out active learningbased activities to explore it. During the second visit, which was planned to take place one to two
weeks after the first, each investigator would teach one of the two classes and guide students
working in small groups to complete a worksheet focused on the set of genetic concepts they had
developed.
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Embark platform
Data for six dogs will be accessible to students by navigating the Embark website on
personal computers or tablets in their classrooms. Presley is a purebred Pug. Sascha is a purebred
German Shepherd. Smokey is predicted to be a mix of seven breeds--Rat Terrier, Cocker
Spaniel, Dachshund, Chow Chow, Boston Terrier, Siberian Husky and Labrador Retriever.
Harper is a Goldendoodle, a designer breed that is half Golden Retriever and half Standard
Poodle. Waffle and Dumpling are sisters from the same litter, and are predicted to be a mix of
more than four breeds including American Pit Bull Terrier, Australian Cattle Dog, Bulldog,
American Staffordshire Terrier. Both dogs are designated as “supermutts”, meaning that a
portion of their genome cannot be traced back to any particular breed.

Experimental Design and Procedure
Presentation about Embark
The initial visit to the classroom was planned to include a presentation about the Embark
DNA test, the research focus of the company, and genomics topics that would help students
understand the data covered in the project. These topics included DNA genotyping, SNPs,
genetic relatedness in dogs compared to humans, and heterozygosity. Questions were embedded
throughout the presentation in order to engage the students. These questions ranged from “fast
facts” as a trivia-like game, to questions that could be answered by navigating the Embark
database like a “scavenger hunt”. The goal of this first visit was to acquaint students with the
material, the database, and the researchers.
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Worksheet
A worksheet (see Appendix A) was designed to facilitate student engagement with
material in the Embark database, guide students in applying genetic concepts they have already
learned, and provide building blocks for students to collaboratively discuss and learn new
concepts in small groups. Step-by-step instructions lead the students through the health, breed,
traits and relatives sections of the Embark website.
Comprehension Surveys
An Intake Survey (see Appendix B) and Exit Survey (see Appendix C) were designed to
be anonymously administered prior to the Embark presentation on the first class visit, and after
the Embark worksheet was completed on the second class visit, respectively. Both surveys have
a multiple choice format and include questions about genetic and genomic concepts the students
are expected to have already learned, as well as questions about concepts they are not expected
to have encountered or mastered yet.
IRB Application
This protocol was submitted for review to the University of Mississippi Institutional
Review Board (IRB). Informal feedback was received from IRB staff in February that it would
qualify as exempt educational research.
An updated application will be submitted prior to rescheduling this study in Spring 2021.
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3 RESULTS AND DISCUSSION

Initial Embark Work
During the Spring Semester of 2019, I conducted a gene function research project to
become familiar with using the Embark database. This project involved analyzing research
papers that investigated how genetic variation of the T gene can cause a bobtail in certain breeds
of dogs.

Figure 1: Comparison of dogs with and without the bobtail trait. Australian Shepherds
with a natural bobtail (left) have a heterozygous CG genotype at the T locus. Those with a long
tail (right) have a homozygous CC genotype. (Modified images are shown from the following
websites:
https://www.pets4homes.co.uk/pet-advice/why-do-some-dog-breeds-have-naturally-bobbedtails.html and https://www.dog-learn.com/dog-breeds/australian-shepherd/.)

A “bobtail” is a stunted form of the normally long tails that most dogs have (see Figure
1). At the T locus, long tail dogs are homozygous for the C allele, while most bobtail dogs are
heterozygous for the C and G alleles. It was discovered that dogs homozygous for the G allele do
not survive to birth (Haworth et al., 2001). Despite the 25% reduction in litter sizes, many
10

breeders favor the heterozygous genotype in “work” dogs as long tails are believed to be a
liability as they may get caught in machinery or grabbed by a predator. Breeds with natural
bobtails include the Pembroke Welsh Corgi, Australian Shepard, and the Brittany Spaniel.
The Embark website provides links to primary research papers (Haworth et al., 2001;
Hytönen et al., 2009) that reported that the bobtail phenotype in 17 of 23 breeds tested is the
product of this ‘C189G’ variant. The G allele can be classified as a missense mutation; a
methionine replaces an isoleucine at the 63rd residue of the T transcription factor in its DNAbinding domain. Transcription factors with this mutation are unable to bind to their target DNA
as effectively (Haworth et al., 2001). Due to haploinsufficiency, dogs with the heterozygous
genotype have altered posterior mesoderm development, which reduces the number of vertebrae
that are formed and therefore the length of their tails. I gave a talk about these findings to other
members of my laboratory at the end of the semester. This project illustrates how Embark offers
students opportunities to see genetic mechanisms at work in animals they are familiar with, and
is a valuable resource for teaching genetics.

Designing a canine genetics activity for high school students
An online, active learning-based activity was designed for high school students enrolled
in an Advanced Placement Biology course at Lafayette High School in Oxford, Mississippi. The
goal of the study is to test the hypothesis that an active learning-based activity centered around
use of the Embark platform to access DNA genotyping data for a set of dogs is an effective
method to teach genetic and genomic concepts. The primary tool used to engage students in this
activity is a worksheet to be completed in small groups of 3-4 students (see Appendix A). The
questions are organized into a series of short, stepwise queries designed to lead the students to 1)
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recall basic genetics concepts they have already learned, 2) consider data accessible on the
Embark website, and 3) answer critical thinking questions that require them to apply knowledge
gained about new concepts.
Question 3 of the worksheet is shown below to illustrate this process.

3. Select the dog named Harper, and then click on the Health tab.
a. Dogs, like humans, are diploid organisms. What is a diploid organism?
b. How is genetic information passed from parents to offspring in diploid organisms?
c. Considering how alleles are inherited/passed to offspring, what does it mean that
Harper is not at risk for 173 conditions?
d. What does “At Risk” mean?
e. How does being a carrier differ from the other two options? Does being a carrier mean
that Harper has this condition?
f. What risks might a breeder consider when breeding a dog that is a carrier for a genetic
condition?

The overarching goal of Question 3 is to have students explore the health applications of
genetics by recognizing that the incidence of some diseases is higher in certain breeds of dogs,
and to review how autosomal recessive diseases are inherited. Harper is a Goldendoodle, a
designer breed that results from mating a purebred Golden Retriever with a purebred Standard
Poodle. Her Embark DNA test revealed that she is a carrier for Ichthyosis, a common skin
condition in Golden Retrievers (see Figure 2). This question is organized to lead students from
straightforward queries about concepts they are familiar with into queries that require critical
12

thinking. For example, Question 3a asks students to recall what it means for an organism to be
‘diploid’, a term they have already been taught. By reviewing this concept, they are starting the
question with the building block that diploid organisms have two copies of alleles for each gene,
which forms the basis for recalling or reviewing that being a ‘carrier’ for a recessive disorder
means that animals are heterozygous for two different alleles, and that the affected allele was
inherited from only one parent.
Other questions require navigation through the Embark database. Question 3c-3e, for
example, can be answered by exploring Harper’s Health tab, in which the students would find
out for themselves that Harper is a carrier for one breed-specific recessive disorder, Ichthyosis.
The Embark website page students will see shows that Harper has inherited only one copy of the
variant/SNP that is associated with developing Ichthyosis (Figure 2). This page explains that
Harper herself is not ‘at risk’ for this condition, provides a useful description of the disorder, and
also reveals that the affected variant is commonly found in Golden Retrievers (Figure 2).
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Figure 2: Example of an Embark summary for a breed-specific disorder. Harper, a
goldendoodle, was found to be a carrier for Ichthyosis, a skin disorder common in Golden
Retrievers. (Screenshot from the Embark website)

Question 3f represents a final question in a set that would require some critical thinking.
By working in small groups, students could discuss the puzzle pieces involved to answer it and
conclude that breeders would want to consider the risk that a potential mate of the purebred dog
known to be a carrier for a breed-specific condition, could also be a carrier for the same
14

condition. It is expected that they would realize that if both dogs were carriers for the same
genetic condition, there would be a 25% probability for any puppy in the resulting litter to inherit
both copies of the affected variant. They are likely to realize that a breeder might want to test
potential mates using Embark to identify pairs of purebred dogs that are not carriers for any of
the same breed-specific conditions.
An intake survey would be given during the first of two classroom visits (see Appendix
B and the Methods). After completion of the worksheet, an exit survey would be given (see
Appendix C). These surveys would allow changes in the students’ concept mastery to be
measured over time, and the identification of areas where students may still be struggling. It is
expected that analyzing these results would provide useful feedback to guide further revisions to
the worksheet. Furthermore, the experimental design of conducting two Embark studies in
parallel and including all of the questions targeted for each study in each intake and exit survey
would allow for the classes to serve as control groups for each other in assessing the
effectiveness of each Embark-centered active-learning activity.
Further editing and refinement of the worksheet and surveys will improve their
effectiveness and educational value. Although both the University of Mississippi and Lafayette
High School transferred to an online format after spring break due to the Covid-19 pandemic, it
is expected that implementation of this study will be rescheduled during a future Spring
semester.
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5 APPENDICES
Appendix A: Embark worksheet
1. Meiosis is a special type of cell division that many sexually reproducing organisms
(including humans) use.
a. Draw out a rough sketch of meiosis beginning with one cell and one pair of duplicated
chromosomes.
b. How is meiosis different from mitosis?
c. What is the primary role of the cell type created by meiosis?
d. What are some ways that variation is created through meiosis?
2. Genetic recombination is one important mechanism that causes variation in living
organisms.
a. During which mechanism of cell division does Genetic Recombination (a.k.a. Genetic
Reshuffling) occur? At what stage?
b. Give a definition of recombination in your own words.
c. Describe how recombination creates variation.

Log on to the EmbarkⓇ website with the provided email address and
password.

Explore the program briefly in order to familiarize yourself with it.
3. Click on Harper, and then on the Health tab.
a. Dogs, like humans, are diploid organisms. What is a diploid organism?
b. How is genetic information passed from parents to offspring in diploid organisms?
c. Considering how alleles are inherited/passed to offspring, what does it mean that
Harper is not at risk for 173 conditions?
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d. What does “At Risk” mean?
e. How does being a carrier differ from the other two options? Does being a carrier mean
that Harper has this condition?
f. Why might breeders make special considerations when breeding dogs that are a carrier
for a genetic condition?
4. Now go back to “My Dogs” and select Smokey. Smokey has a diverse pedigree compared to
the 50/50 split of Harper. Click on the Breed tab.
a. Smokey is more related to a rat terrier than he is to a labrador. Why might this be?
(You may also look at Smokey’s family tree to help with this.)
b. Now click on the maternal/paternal haplotype tabs. Define a haplotype.
c. Male dogs like Smokey have a paternal haplotype, but female dogs like Harper do not.
Can you think of an explanation for this? (Think about what chromosome the paternal
haplotype is passed from)
5. Now select the Traits tab and scroll down to the genetic diversity portion.
a. The first information you may see is the percentage of inbreeding. What is inbreeding?
b. Compare Smokey to a dog like Presley or Harper. Why might the differences in
inbreeding exist? What effects could this have overall?
c. Select a trait and read about it. Summarize in your own words what the trait is.
d. How is the trait you selected inherited?
6. Now select the final tab, Relatives.
a. Which of the dogs is Smokey most related to? How much DNA do they share?
b. Why are there some dogs with higher relatedness even though all the dogs tested are
Cocker Spaniels?
c. Does a high shared DNA percentage always mean that the dogs are blood relatives?
(you can go look at other dogs we have to see examples of higher relatedness
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Appendix B: Intake Survey

A genome ______.
a. Refers to the unique mutations found in an individual
b. Is the total set of genes in an individual
c. Differs between different cell types in the body
d. Refers to all the different forms of a single gene
How might we trace an individual's genetic lineage through their mother's ancestral line?
a. Using all of the DNA found in their cells
b. By tracing her X chromosome
c. By tracing her Y chromosome
d. By tracing her mitochondrial DNA
Cells in the human body can differ greatly from other cell types. What determines this
difference?
a. The types of genes found in the cell
b. By doing what the brain tells it to do
c. The types of genes expressed in the cell
d. The epigenetics that are found in cellular DNA
Two male dogs, who are the same age, share roughly 50% of their genetic makeup with each
other. What might this mean?
a. A rate of 50% shared DNA means the two dogs would be blood-related brothers.
b. A rate of 50% shared DNA means the two dogs would be blood-related half brothers.
c. The dogs are not necessarily blood-related, the 50% could be due to random chance.
d. The dogs are not necessarily blood-related, due to inbreeding some breeds share high
% of genes.
What might two female dogs in the same litter have in common that may differ from female
dogs in a separate litter?
a. The two dogs would share Y chromosomes.
b. The two dogs would have the exact same genetic makeup.
c. The two dogs would have the same mitochondrial DNA.
d. The two dogs would have the same congenital diseases.

Appendix C: Exit Survey
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How are researchers able to detect Single Nucleotide Polymorphisms in the genome?
a. By using a premade microarray to bind to that region with the SNP.
b. By sequencing the entire genome and seeing what is different.
c. Through using reverse transcriptase to determine the DNA code of mRNA and
comparing that to another individual.
d. Looking at the differing epigenetics throughout a population.
Purebred dogs tend to have a higher frequency of disease than a mixed-breed. Why might
this be?
a. Random reassortment of genes has led these types of dogs to be more susceptible to
disease.
b. Recessive alleles that code for a disease are typically low in a population, but
inbreeding has caused them to be more frequent in some populations.
c. The breeds acquired these diseases over time due to natural selection because these
diseases are actually beneficial
d. Just some really bad luck

A Single Nucleotide Polymorphism:
a. Is always beneficial to the individual that possesses it.
b. Are passed on from parents to offspring like any other nucleotides.
c. Are erased from the genome before being passed on, as they could be harmful.
d. Is the exact same thing as a mutation.
Two female dogs belong to the same litter. What genetic characteristics might they have in
common?
a. The same paternal haplotype
b. The same maternal haplotype
c. The same Y chromosome
d. A & B
e. All of the above
Why might some dogs have a relatedness of ~50% and only be “as related as” siblings, when
two blood-related sibling dogs also have a relatedness of ~50%?
a. Due to inbreeding, some dogs that are mating begin with some degree of relatedness,
which contributes to the overall amount of shared DNA.
b. “As related as” is only a title because you can never really know which dogs are
actually related.
c. Through random recombination of genes, the two “as related as” dogs simply became
related by chance, as opposed to the two blood-related dogs that actually share DNA.
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